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The Lyme disease spirochete, Borrelia burgdorferi, encounters many environmental signals as it cycles
between the arthropod vector and mammalian hosts, including temperature, pH, and other host factors. To test
the possibility that dissolved oxygen modulates gene expression in B. burgdorferi, spirochetes were exposed to
differential levels of dissolved oxygen, and distinct alterations were observed at both the transcriptional and
translational levels. Specifically NapA, a Dps/Dpr homologue involved in the oxidative stress response in other
bacteria, was reduced when B. burgdorferi was grown under oxygen-limiting conditions. In contrast, several
immunoreactive proteins were altered when tested with infection-derived sera from different hosts. Specifically,
OspC, DbpA, and VlsE were synthesized at greater levels when cells were grown in limiting oxygen, whereas
VraA was reduced. The levels of oxygen in the medium did not affect OspA production. Real-time reverse
transcription-PCR analysis of RNA isolated from infectious isolates of strains B31 and cN40 indicated that the
expression of ospC, dbpA, and vlsE increased while napA expression decreased under dissolved-oxygen-limiting
conditions, whereas flaB was not affected. The reverse transcription-PCR results corroborated the immunoblot
analyses and indicated that the increase in OspC, DbpA, and VlsE was due to regulation at the transcriptional
level of the genes encoding these antigens. These results indicate that dissolved oxygen modulates gene
expression in B. burgdorferi and imply that the redox environment may be an additional regulatory cue that
spirochetes exploit to adapt to the disparate niches that they occupy in nature.

The spirochetal etiologic agent of Lyme disease, Borrelia
burgdorferi, is transmitted to humans and other mammals
through the bite of infected Ixodes ticks (reviewed in reference
23). Prior to the ingestion of a blood meal by the ticks, B.
burgdorferi is primarily restricted to the midgut, and following
a blood meal, the spirochetes migrate to the salivary glands and
are ultimately transmitted to mammalian hosts. The zoonotic
life cycle between tick vector and various mammalian hosts
imposes an implicit requirement for adaptation of B. burgdor-
feri to these different environmental conditions (1, 5, 6, 9, 31,
34, 38).

One of the environmental signals that B. burgdorferi encoun-
ters before and after a tick blood meal is the increase from the
ambient temperature of the tick to that of a warm-blooded
mammal. Several investigators have shown that the surface
lipoproteins OspA and OspC are altered by an experimentally
imposed temperature differential (31) as well as by host-
adapted conditions, whereby dialysis membranes containing
spirochetes were implanted into the peritoneal cavity of rats
(1). The paradigm that has emerged is that ospA and ospC are
diametrically regulated, with ospA synthesized in unfed ticks
(ambient temperature) and ospC expressed concurrent with a
blood meal or host adaptation (�37°C or dialysis membrane
implants) (1, 5, 9, 31). More recently, genomics-based ap-
proaches have confirmed and extended these observations,

indicating that many genes are affected by an increase in tem-
perature and host adaptation, most of which encode proteins
of unknown function (5, 19, 25, 27).

Another important variable that B. burgdorferi is exposed to
during the various stages of its life cycle is pH. Carroll et al.
determined that pH differences (6.0 to 8.0) altered the expres-
sion of 37 membrane proteins (6). pH and temperature were
analyzed simultaneously, and a reciprocal pattern of regulation
was observed, such that one set of genes were preferentially
expressed at pH 6.8 and 37°C (including ospC) and the other
set were expressed at pHs between 7.5 and 8.0 independent of
temperature (including ospA) (38). This analysis also revealed
that, in addition to ospC and ospA, several other genes also
exhibited ospC-like (ospF, mlp-8 and rpoS) or ospA-like (lp6.6
and p22) expression that could be classified into group 1 and
group 2 sets of genes, respectively (38).

A balance in the response to the level of dissolved oxygen is
likely to be an important cue for B. burgdorferi because levels
of dissolved oxygen vary in the different tissues that B. burg-
dorferi is known to traffic through during infection (32, 37).
Specifically, there is a fourfold difference in dissolved oxygen in
mammalian tissues between the dermal layers and blood-
stream (32, 37). Understanding how B. burgdorferi responds to
different oxygen levels may provide important insights into how
these pathogens adapt to these disparate niches as they traffic
through mammalian tissues and are able to withstand the toxic
effect of reactive oxygen species.

We report here the effect of reduced oxygen on gene ex-
pression in B. burgdorferi. These data suggest that the level of
dissolved oxygen serves as a signal that modulates gene expres-
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sion and prepares B. burgdorferi for various stages of its infec-
tious cycle.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Low-passage, infectious isolates of B.
burgdorferi B31 derivative MSK5 (16) and sensu stricto isolates cN40 and 297
were used in this study. For the oxygen depletion studies, B. burgdorferi isolates
were grown in complete BSK-II medium supplemented with 6% normal rabbit
serum to a density of 1 � 105 per ml and then used to inoculate cultures under
conventional microaerophilic conditions (referred to as microaerophilic condi-
tions throughout the remainder of this report) or in BSK-II medium depleted of
oxygen (referred to as anaerobic conditions throughout the remainder of this
report) at 32°C for 96 h. Depletion of oxygen in the medium was achieved by two
methods. Complete BSK-II medium was treated with Oxyrase (Oxyrase, Inc.,
Mansfield, Ohio) for 4 h at 32°C to achieve an approximate 10-fold reduction in
the level of dissolved oxygen (from 0.25 to �0.025 mM/ml), or complete BSK-II
medium was subjected to displacement of dissolved oxygen with nitrogen gas to
reduce the level of dissolved oxygen from 0.25 to � 0.025 mM/ml (i.e., mi-
croaerophilic relative to anaerobic conditions, respectively). In both cases the
depletion of dissolved oxygen was monitored with a DO-166 dissolved oxygen
probe (Lazar Research Labs, Los Angeles, Calif.).

SDS-PAGE and immunoblotting. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blotting with infection-derived and
monospecific antisera were conducted as previously described (16, 33).

RNA extraction. RNA was extracted with a previously published procedure
(25). Briefly, B. burgdorferi cultures were inoculated at a density of 106 per ml,
and the cells were grown either microaerophilically or anaerobically to a final
density of 4 � 107 to 5 � 107 per ml. RNA was obtained independently from
untreated (microaerophilically grown) and treated (anaerobically grown) B.
burgdorferi cells, and each resulting sample was assayed in triplicate. RNA was
extracted from these samples by resuspending the cell pellets in RNA-Bee
(Tel-Test, Inc., Friendswood, Tex.) at a ratio of 0.2 ml of RNA-Bee for every 106

cells. The suspension was then extracted with chloroform and precipitated in
isopropanol. The pellets were washed with 75% ethanol, air-dried, and resus-
pended in diethyl pyrocarbonate-treated water. Samples were incubated with
DNase I (DNA-free; Ambion Inc., Austin, Tex.) twice at 37°C for 45 min and
quantified spectrophotometrically.

The purified RNA was tested for contaminating DNA by real-time PCR with
the flaB primer set (see Table 1). Real-time PCRs were set up with SYBR Green
PCR master mix with oligonucleotide primers at a final concentration of 900 nM.
Real-time quantitative PCR was done with an ABI Prism 7700, and data were
collected and analyzed with SDS software v1.7. The RNA samples (devoid of
contaminating DNA) were converted to cDNA with TaqMan reverse transcrip-
tion reagents (Applied Biosystems, Foster City, Calif.) according to the manu-
facturer’s recommendations. Real-time quantitative reverse transcription-PCR
was done as described above with cDNA as the template and the various oligo-
nucleotide primer sets indicated in Table 1. The induction of each gene relative
to the untreated and oxygen-depleted samples was normalized to the level of flaB
as previously described (14) with the ��Ct method, in which the quantity of a

given transcript is determined by the equation 2 � ��Ct, where Ct is the cycle
number of the detection threshold.

Statistics. To determine whether our real-time reverse transcription-PCR data
were statistically significant, we determined whether significant differences were
seen for the Ct values obtained for anaerobically versus microaerophilically
grown B. burgdorferi for both experimental sets tested with a multiple paired t test
as per the SPSS statistical package (SPSS Inc., Chicago, Ill.). Statistical signifi-
cance was accepted when the P values were less than 0.05.

RESULTS

Effect of reduced level of dissolved oxygen on B. burgdorferi
growth. To determine if reduced oxygen influenced the growth
characteristics of Borrelia burgdorferi, we used either enzymatic
(Oxyrase) or physical (i.e., N2 gas displacement) methods to
decrease the level of dissolved oxygen in BSK-II medium.
Measurements made with an oxygen electrode indicated that
samples treated with either Oxyrase or N2 gas exhibited a
10-fold reduction in dissolved oxygen levels from 0.25 mM/ml
in microaerophilic samples to 0.020 to 0.025 mM/ml in samples
treated with either the enzymatic or nonenzymatic regimen.

The samples were all grown at 32°C and the pH of the
medium was monitored before and after Oxyrase or N2 gas
treatment. No change in pH was observed under either condi-
tion (data not shown). Low-passage, infectious B. burgdorferi
strains B31, 297, and cN40 were all active and motile under
these conditions, but exhibited a twofold reduction in growth
rate compared to cultivation under conventional microaero-
philic conditions (data not shown), and no overt differences
were noted in their total protein profiles other than the added
Oxyrase reagent, which is a protein-based proprietary reagent
that presumably contributes to the additional protein species
observed in the Coomassie blue-stained gel shown in Fig. 1A.

Nevertheless, we hypothesized that B. burgdorferi oxidative
stress proteins would be downregulated when oxygen levels
were decreased. To test this, we used antiserum to NapA
(designated BB0690 by the Institute for Genomic Research), a

FIG. 1. Level of oxidative stress response protein NapA (BB0690)
in B. burgdorferi strains B31, 297, and cN40 grown in O2-depleted
medium. The B. burgdorferi isolates were grown under standard mi-
croaerophilic conditions in BSK-II medium (lanes �) or in BSK-II
depleted of O2 by treatment with Oxyrase (lanes �, panel A) or by
displacement with N2 gas (lanes �, panel B). Cultures were harvested
after 96 h of treatment, separated on an SDS-PAGE gel stained with
Coomassie blue (above), and analyzed by Western immunoblotting
with NapA antiserum (shown below).

TABLE 1. Oligonucleotide primers used for real-time reverse
transcription-PCR

Oligonucleotide Nucleotide sequence (5� to 3�)

flaBF ...................CAGCTAATGTTGCAAATCTTTTCTCT
flaBR ..................TTCCTGTTGAACACCCTCTTGA
ospAF..................GGCGTAAAAGCTGACAAAAGTAAAGTA
ospAR.................TAGTGTTTTGCCATCTTCTTTGAAAA
ospCF..................CGGATTCTAATGCGGTTTTACTTG
ospCR.................CAATAGCTTTAGCAGCAATTTCATCT
dbpAF.................CAGATGCAGCTGAAGAGAATCCT
dbpAR ................ACCCTTTGTAATTTTTCTCTCATTTTT
vlsEF...................AATCAGCGAAGAAAGTAACAACAAGTAA
vlsER ..................GAAAACTCGACCACCTTGATCAC
napAF.................GAATGCTTGGATATGATTCTGAATTTAG
napAR ................TCTCATTCCAAAAATATTCTTCAAAATCT
vraAF ..................AAGCAAATAGAATCGGCCTACAA
vraAR .................CCCAATTCAATCCCCTAAAAGAC
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20-kDa protein which is known to be affected by reactive ox-
ygen species (2, 7, 10, 20, 29), to determine the level of this
protein in samples grown microaerophilically and anaerobi-
cally. For all strains tested, NapA was reduced, particularly
when Oxyrase or N2 gas was used to deplete oxygen (Fig. 1A
and B, lower panels). These results suggest that oxygen levels
have a profound effect on the expression of NapA, and as such,
NapA serves as an effective barometer for the oxidative status
of B. burgdorferi cells. It should be noted that the levels of the
endoflagellar antigen FlaB were unaffected by the redox status
of the cells and thus served as a reference control for the
growth of B. burgdorferi independent of oxygen levels through-
out this study (data not shown).

Effect of reduced dissolved oxygen on B. burgdorferi antigen
profiles. To determine the effect of oxygen limitation on global
antigenic differences in B. burgdorferi, we compared the protein
profiles of cells grown in the presence and absence of Oxyrase
by Western immunoblot analysis (Fig. 2A). When these sam-
ples were probed with serum from a patient with chronic Lyme
disease or infection-derived mouse serum, profound differ-
ences were observed. Specifically, several proteins in the 18- to
20-kDa and 30- to 35-kDa range were synthesized at greater
levels in B. burgdorferi grown under limiting O2 conditions (Fig.
2B and 2C) even though equivalent amounts of cells were
loaded for these immunoblots, as shown by the total protein
profile (Fig. 2A) and the several invariant antigens between the
samples.

Effect of reduced dissolved oxygen on the synthesis of li-
poprotein antigens. To determine the effect of oxygen limita-
tion on the synthesis of specific borrelial antigens, we used
monospecific antisera or monoclonal antibodies to individual
B. burgdorferi proteins in Western immunoblot analyses. While
outer surface protein A (OspA) remained constant under both
microaerophilic and anaerobic conditions, OspC, the decorin
binding adhesin DbpA (11, 12), and the antigenic variant VlsE
(40) all increased in B. burgdorferi grown under anaerobic
conditions when Oxyrase or N2 gas was used (Fig. 3). In con-
trast, the VraA lipoprotein, a temperature-inducible antigen
(15, 33) whose function is unknown, was downregulated when
the B. burgdorferi strain B31 derivative MSK5 was grown
anaerobically (Fig. 3).

To verify that our observations were not limited to low-
passage B. burgdorferi strain B31, we tested infectious B. burg-
dorferi strains 297 and cN40 because other investigators have
noted regulatory differences between B. burgdorferi isolates
(38). Although there were some differences between the infec-
tious isolates, overall the same trends were observed for all

FIG. 2. Immunoreactive proteins induced when B. burgdorferi
strain B31 is grown under limiting oxygen. B. burgdorferi was grown
under standard microaerophilic conditions in BSK-II medium (lanes
�) or with added Oxyrase to reduce the level of dissolved oxygen
(lanes �). Cells were grown as described in the text, and the samples
were resolved by SDS-PAGE and stained with Coomassie blue (panel
A) or immunoblotted and probed either with serum from a patient
with chronic Lyme borreliosis (panel B) or with infection-derived
mouse serum (panel C). Numbers on the left of each panel indicate the
molecular mass of protein markers. The arrow denotes the location of
the B. burgdorferi OspA lipoprotein.

FIG. 3. Growth with reduced levels of dissolved oxygen modulates the synthesis of several B. burgdorferi antigens from B. burgdorferi sensu
stricto strains B31 (MSK5), 297, and cN40. Equivalent numbers of B. burgdorferi cells, grown under standard microaerophilic conditions in BSK-II
medium (lanes �, panels A and B) or treated with either Oxyrase (lanes �, panel A) or N2 gas displacement (lanes �, panel B) were resolved
by SDS-PAGE, immobilized onto membranes, and probed with antisera to the antigens indicated on the left. The strains tested are indicated above
each immunoblot column.
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three strains tested with the notable exception of VraA, which
was not detected in either strain 297 or cN40 (Fig. 3).

Effect of O2 levels on transcript synthesis. To confirm that
changes in protein levels were due to regulation at the tran-
scriptional level, we used quantitative real-time reverse tran-
scription-PCR of total RNA obtained from B. burgdorferi cul-
tivated under microaerophilic and anaerobic conditions. As a
normalization control for anaerobic and microaerophilic
growth, we used the transcript to flaB, whose transcription
level was not significantly affected by growth under either of
these conditions (P value of 0.22; data not shown). The results
indicated that there was a statistically significant increase in the
level of transcripts specific to ospC, dbpA, and vlsE in O2-
depleted medium relative to cells grown under microaerophilic
conditions (Fig. 4). Specifically, ospC, dbpA, and vlsE transcript
levels were 7.7- to 9.8-fold, 10.9- to 14.8-fold, and 6.1- to
7.5-fold greater, respectively, in O2-depleted growth medium
than in microaerophilically grown, low-passage B. burgdorferi
strain B31 (Fig. 4A). In contrast, under the same conditions,
levels of napA and vraA transcripts were decreased 2.4- to
10.7-fold and 12.5- to 12.8-fold, respectively, but were not
statistically significant (Fig. 4A). Furthermore, ospA transcripts
were unaffected by either condition, consistent with the immu-
noblot data shown for OspA in Fig. 3. The variations in tran-
script levels observed were consistent with the increase in pro-
tein levels observed for OspC, DbpA, and VlsE and the
corresponding decrease in NapA and VraA levels in the earlier
immunoblot analyses (Fig. 3) and indicate that the regulation
of these antigens occurs at the transcriptional level (Fig. 4).

A similar differential in transcript levels was observed in
low-passage B. burgdorferi strain cN40 under anaerobic condi-
tions compared to microaerophilically grown spirochetes. Spe-
cifically, ospC, dbpA, and vlsE transcripts were increased under
anaerobic conditions relative to microaerophilically grown B.
burgdorferi by 6.3- to 12.7-fold, 6.3- to 8.2-fold, and 5.1- to
5.8-fold, respectively, whereas napA and ospA transcripts were
reduced 2.7- to 5-fold and 1.8- to 3.5-fold, respectively, under
the same conditions (Fig. 4). With the exception of ospA, the
differences in transcript level observed were statistically signif-
icant. The results with cN40 corroborate our earlier antigenic
comparisons for OspC, DbpA, VlsE, and NapA under O2-
limiting conditions (Fig. 3) and confirm that the redox regula-
tion observed is applicable to an additional infectious borrelial
isolate (cN40) (Fig. 4B).

DISCUSSION

Pathogenic bacteria sense and adapt to changes in their
environment by coordinately altering gene expression to facil-
itate survival, transmission and establishment of disease in the
host. In this context B. burgdorferi is no different, as it requires
rapid adaptation when moving from the arthropod vector to
mammalian hosts. Several studies have shown that tempera-
ture (25, 28, 31, 34), pH (6), soluble host factors (1, 5, 27, 28),
interactions with host cells (14), and a combination of one or
more of these factors (38) affect gene expression in B. burg-
dorferi. Likewise, the effect of dissolved oxygen levels on gene
expression represents another potential environmental signal
that has not been characterized.

Trafficking through the bloodstream, from the site of depo-

sition or inoculation in the skin after a tick bite to various
tissues in the mammalian host, and the host inflammatory
response would require a rapid adaptive response to compen-
sate for the four- to fivefold increase in the level of dissolved
oxygen between dermal tissue and arterial blood (32, 37). This
response is likely to be critical for the survival of B. burgdorferi
because high levels of dissolved oxygen are accompanied by
greater levels of reactive oxygen species that are toxic or lethal
(recently reviewed in references 22 and 35). Since the spiro-
chetal load within a given tissue is too low for direct analysis of
B. burgdorferi protein content, the effect of O2 levels on bor-
relial protein synthesis was determined under in vitro growth

FIG. 4. Real-time reverse transcription-PCR indicates that redox
regulation of B. burgdorferi genes occurs at the transcriptional level.
RNA was isolated from B. burgdorferi strain B31 derivative MSK5
(panel A) and strain cN40 (panel B) following both microaerophilic
and anaerobic growth and subjected to real-time reverse transcription-
PCR as described in the text. All samples were normalized relative to
the flaB transcript and are shown as the ratio of transcripts from cells
grown anaerobically relative to cells grown under microaerophilic con-
ditions (represented as fold difference on the y axis). The asterisks (�)
indicate samples whose Ct values were statistically significant (i.e., P
value less than 0.05) when transcripts from cells grown anaerobically
were compared to the same gene transcripts from cells grown mi-
croaerophilically. The Ct values from both independent experimental
sets were compared with a multiple paired t test. The white and black
bars represent data from two independent experiments. The genes
analyzed are listed below for each strain tested.
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conditions where the effect of additional variables such as
temperature and pH were kept constant.

Initially we measured the amount of dissolved O2 to be 0.25
mM/ml in conventionally produced BSK-II medium (data not
shown). Following either enzymatic (Oxyrase) or physical (N2

gas displacement of dissolved oxygen) depletion of O2 from
BSK-II medium, the level of dissolved O2 was reduced to
approximately 0.020 to 0.025 mM/ml (data not shown). When
three separate, infectious isolates of B. burgdorferi were grown
under low oxygen conditions, the amount of NapA (designated
BB0690 by the Institute for Genomic Research), a protein
shown in other systems to be a nonspecific DNA binding pro-
tein that protects cells from oxidative damage (2, 7, 10, 20, 29),
was greatly reduced (Fig. 1), consistent with previous reports
demonstrating that NapA levels increase in response to greater
oxidative stress as a result of regulation by the recently iden-
tified BosR regulatory protein (4). Although NapA is pur-
ported to bind and protect DNA from oxidative damage in
other bacterial systems (2, 7, 10, 20, 29), the exact protective
mechanism of B. burgdorferi NapA has not been determined.

We used infection-derived mouse serum and serum from a
patient with chronic Lyme borreliosis to determine whether O2

reduction had any effect on the antigenic profile of B. burgdor-
feri. Although the total protein profiles were primarily un-
changed following growth in O2-depleted conditions, we found
that several immunoreactive proteins were differentially ex-
pressed under these conditions (Fig. 2). With monospecific
serum raised against several lipoproteins, we subsequently de-
termined that OspC, DbpA, and VlsE were synthesized at
greater levels when the spirochetes were grown in anaerobic
conditions, whereas OspA was unchanged (Fig. 3). This profile
was common to all three isolates, although subtle differences in
expression were observed between low-passage B. burgdorferi
strains B31, 297, and cN40 (Fig. 3). Our observations are
consistent with recently published reports with genomics-based
approaches which demonstrate that dbpA, ospC, and vlsE are
upregulated either in mice infected with B. burgdorferi (19) or
in dialysis membranes implanted into the peritoneal cavity of
rats (1, 27), suggesting that limiting oxygen may be a signal
involved in the transcriptional activation of these genes in vivo.

Several recent studies have shown that gene expression
within the tick vector following a blood meal can be quite
variable (24, 30). For example, Ohnishi et el. demonstrated
that ospC and ospA were differentially expressed with all po-
tential combinatorial outcomes possible, indicating that the
microenvironment of a given cell within a seemingly identical
locale can result in disparate gene expression profiles (24). In
addition, Liang et al. demonstrated that B. burgdorferi is able to
avoid immune clearance by antibody specific for OspC by
downregulating ospC in vivo (17). Although this in vivo obser-
vation is likely to be a stochastic phenomenon and dependent
on prior exposure to B. burgdorferi and/or persistent infection,
it highlights the complexity involved in attempting to explain
gene regulatory effects in an equally complex mammalian en-
vironment.

Based on these observations and others indicating a differ-
ential regulation of lipoprotein-encoding genes over time (3, 9,
18, 19, 26), it is tempting to speculate that the expression level
of lipoproteins in B. burgdorferi may also vary in different
tissues (i.e., skin tissues relative to blood) where their function

could be essential for infection and ultimately favor the per-
sistence of the spirochetes. For example, in the skin or inter-
stitial fluid, increased level of adhesins such as the decorin
binding proteins (Dbps), which bind to the proteoglycan
decorin that coats host collagen (11, 12), could favor greater
attachment of the spirochetes in these tissues. In contrast,
within the bloodstream where B. burgdorferi-specific antibodies
might be present (depending on the previous exposure to B.
burgdorferi), reduced production of Dbp and/or OspC as well
as other surface-exposed proteins could favor immune evasion
and persistence. Thus, the differential modulation of these and
other lipoprotein genes as a function of dissolved O2 may
provide another adaptive strategy for B. burgdorferi survival in
mammalian tissues.

Several reports have implicated RpoN and RpoS as regula-
tors of both ospC and dbpA in B. burgdorferi (13). As previous
investigators have also shown that ospC and dbpA are upregu-
lated in response to temperature, pH, and level of dissolved
oxygen, it seems likely that all of these signals are integrated
similarly, resulting in RpoN- and RpoS-dependent activation.
Recently, Yang et al. demonstrated that the response regulator
encoded by BB0763 (designated Rrp2) is required for the
induction of ospC and dbpA (39). The activation of Rrp2 is
mediated by its cognate membrane-associated histidine kinase
encoded by BB0764. This histidine kinase contains a PAS
domain that has been shown in other systems to respond to
redox stimuli and potentially to as yet unidentified low-molec-
ular-weight species (36). Following sensing by the histidine
kinase via the PAS domain, Rrp2 is activated by phosphoryla-
tion and coordinates transcription of genes in the context of
the RpoN-RNA polymerase complex. In B. burgdorferi, one
such gene is rpoS, which has been shown to subsequently ac-
tivate transcription of dbpA and ospC (13, 39). Our data
strongly suggest that oxygen is one of the signals that activates
this cascade; however, we cannot exclude the possibility that
other molecules may also be involved in the observed induc-
tion. The additional signals that may also contribute to this
response remain to be determined.

In addition to OspC and DbpA, we determined that VlsE, a
lipoprotein involved in antigenic variation (21, 40), was syn-
thesized at greater levels when dissolved O2 was limiting (Fig.
3). A similar derepression of vlsE was observed when B. burg-
dorferi was cocultivated with intact endothelial cells and also
with membranes derived from endothelial cells (14). Although
the specific components of the cell membranes that induced
vlsE expression have not been determined, it is probable that
O2 depletion was mediated by the oxidase activity from the
endothelial cell membranes (14). Additionally, Crother et al.
recently demonstrated that VlsE levels were higher in skin and
joint tissue relative to heart tissue in SCID mice infected with
B. burgdorferi (8). Thus, it is tempting to speculate that the
differences in VlsE observed in these studies are due to dis-
solved oxygen levels, inasmuch as temperature and pH would
presumably be constant within these tissues.

Real-time reverse transcription-PCR of genes encoding dif-
ferentially synthesized proteins was conducted under oxygen-
limiting conditions to obtain a quantitative measurement of
these transcripts (Fig. 4). This analysis corroborated our West-
ern immunoblot data for both strains B31 and cN40, indicating
that the synthesis of the lipoprotein antigens OspC, DbpA, and
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VlsE was due to regulation at the transcriptional level. There
were significant differences in the levels of the transcripts that
accumulated for strains B31 and cN40, but the patterns of
regulation were similar between these two isolates (Fig. 4).
Specifically, ospC, dbpA, and vlsE were all transcribed signifi-
cantly more when oxygen was limiting, whereas ospA transcript
levels were unaffected independently of how B. burgdorferi
strain B31 derivative MSK5 was cultivated.

In addition to other environmental signals (i.e., pH and
temperature), we have determined that B. burgdorferi also al-
ters gene expression in response to the level of dissolved O2.
Based on observations, we have developed a model for B.
burgdorferi redox regulation. Clearly, redox differences would
seem to be operative during the tick life cycle; however, the
level of reactive oxygen species within Ixodes spp. is unknown.
Once inside the mammal, one could hypothesize that oxygen
levels would be variable depending on the tissues to which the
spirochete disseminate. For example, within the initial dermal
skin deposition site, the level of oxygen would be predicted to
be low based on measurements in rats indicating a fourfold
reduction of dissolved oxygen in interstitial fluid of the dermis
relative to arterial blood (32, 37). Such conditions would result
in derepression of dbpBA and thus promote adherence to
decorin and subsequent colonization. Daughter cells that could
disseminate from the initial site of attachment might then be
exposed to different levels of oxygen as they traffic to different
tissues within the host.

In the model we propose, the effect of oxygen, which one
would predict to be variable within different host tissues, may
result in the expression patterns observed. In addition, the
localized host inflammatory response may also contribute to
the altered gene regulation in order to combat the toxic effect
of degranulated neutrophils and/or macrophages. This model
does not account for the variability observed for all cells of B.
burgdorferi that have been analyzed following tick feeding/host
adaptation; however, it serves as a good starting point to un-
derstand the role that oxygen plays in this complex regulatory
cascade. Along these lines, we infected C3H mice with low-
passage, infectious B. burgdorferi grown under oxygen limita-
tion and found that these cells lose their infectious phenotype
following this treatment (J. Seshu and J. T. Skare, unpublished
data). We are attempting to determine the basis of this obser-
vation, as it links the physiological status of the B. burgdorferi
cells to their infectivity potential and, as such, may have im-
portance in defining pathogenic mechanisms in Lyme borre-
liosis.

Host-specific gene expression of B. burgdorferi has been
demonstrated (1, 5, 9, 18, 19, 24, 27, 28, 30, 31); however, the
mechanisms of host-specific gene expression are not known. In
conclusion, it is our contention that, in addition to the previ-
ously published signals, dissolved oxygen serves as an environ-
mental factor that also modulates gene expression in B. burg-
dorferi. Such a response is also important physiologically
because exposure to reactive oxygen species derived from ei-
ther endogenous or exogenous sources is harmful to all living
systems. A recent report indicated that a regulatory protein,
designated BosR, mediates the response to reactive oxygen
species and regulates napA and other genes involved in the
response to toxic oxygen intermediates in B. burgdorferi (4).

Studies to link this regulatory protein to the redox regulation
described herein are under way.
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